ABSTRACT. The sequence of the intron within the chalcone synthase A gene (ChsA) was used to characterize Petunia integrifolia subsp. integrifolia var. depauperata (Fries) Smith et Downs, P. altiplana Ando et Hashimoto, P. littoralis Smith et Downs, and an unknown taxon from the town of Torres in Brazil. Based upon the intron, the Torres taxon most closely resembled P. integrifolia. The unrooted phylogenetic tree suggested that P. integrifolia was more closely related to P. littoralis than P. altiplana. depauperata (Fries) Wijsman]. A similar study was conducted by and concluded that all the species, except P. littoralis, were clearly distinct. Petunia littoralis could not be distinguished from P. integrifolia subsp. integrifolia var. depauperata. In addition, all of the P. integrifolia subspecies in their native habitats were separately distributed and readily distinguished from one another.
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Additional taxonomic confusion resulted from the spontaneous appearance in botanical gardens of a purple-fl owered intraspecifi c hybrid between P. axillaris and P. integrifolia (Loudon, 1840) . All of these garden hybrids were called P. violacea. Vilmorin (1863) tried unsuccessfully to correct the problem in nomenclature by naming the intraspecifi c hybrid P. ×hybrida. By 1900, the true species had disappeared from cultivation and even one of the herbarium specimens of P. integrifolia in the Lindley Herbarium at the Royal Botanic Garden at Kew was reported to be a P. axillaris x P. integrifolia hybrid (Ferguson and Ottley, 1932) .
In an effort to help solve the species identifi cation problem, several molecular marker studies were conducted using speciesspecifi c repeated DNA (Shepherd et al., 1990) , rDNA (Benabdelmouna and Abirached-Darmency, 1997; Kabbaj et al., 1995; Zeboudj et al., 1994) , randomly amplifi ed DNA (Benabdelmouna et al., 1999; Cerny et al., 1996) , or the chalcone synthase intron (Griesbach et al., 2000) . However, the taxa that were actually used in many of these studies are uncertain. For example, phylogenetic analysis using rDNA suggested that two taxa called "P. integrifolia" and "P. violacea" were distantly related (Kabbaj et al., 1995) , but those names refer to the same taxon. Furthermore, the complex taxonomy of Petunia has caused many cultivated species to be misidentifi ed.
The coding sequence of the chalcone synthase gene (Chs) is highly conserved among plants and has been used to defi ne taxonomic relationships (Niesbach-Klösgen et al., 1987; Rauscher et al., 1999) . There is a >66% DNA sequence similarity between monocots and dicots. Chs was used to study the phylogenetic relationships between seven different ecotypes of Ipomoea purpurea (Durbin et al., 2001) . Within the coding sequence of the ecotypes, there were only 23 nucleotide substitutions out of 1104 base pairs (bp); while within the intron sequence of the ecotypes, there was signifi cant variation in the number and type of transposable element insertions. Other studies have also shown that transposable elements can be integral parts of introns (Casacuberta and Santiago, 2003; Feschotte et al., 2002) . Fries (1911) divided Petunia into two subgenera (Pseudonicotiana and Eupetunia) and recognized three distinct Eupetunia species (Petunia violacea Lindley, P. infl ata Fries, and P. occidentalis Fries) . Petunia violacea had the largest fl owers and pendant pedicels, while P. occidentalis had the smallest fl owers and erect pedicels. Petunia infl ata was intermediate between P. violacea and P. occidentalis with large fl owers and erect pedicels. In addition, Fries recognized a diminutive subspecies of P. violacea (P. violacea subsp. depauperata) with very small fl owers and leaves.
Because of nomenclatural priority, Schinz and Thellung (1915) changed the name of P. violacea to P. integrifolia (Hooker) Schinz et Thellung. The name P. integrifolia predated the name P. violacea. This taxon was fi rst described by Hooker (1831) as Salpiglossis integrifolia and renamed P. violacea by Lindley (1833) .
Petunia integrifolia and P. infl ata were considered by Smith and Downs (1966) Several additional Eupetunia taxa have subsequently been recognized as distinct species: P. altiplana Ando and Hashimoto (1993) , P. bajeensis Ando and Hashimoto (1998) , P. bonjardinensis Ando and Hashimoto (1993) , P. guarapuavensis Ando and Hashimoto (1995) , P. interior Ando and Hashimoto (1996) , P. littoralis Smith and Downs (1964) , P. mantiqueirensis Ando and Hashimoto (1994) , P. occidentalis Tsukamoto et al. (1998) , P. reitzii Smith and Downs (1964) , P. riograndensis Ando and Hashimoto (1998) , P. saxicola Smith and Downs (1964) , and P. scheideana Smith and Downs (1964 We have previously used the molecular heterogeneity in the ChsA intron to characterize P. integrifolia subsp. integrifolia var. depauperata, P. altiplana, and P. ×hybrida by comparing the Rsa1 restriction digest profi le of several accessions of each species (Griesbach et al., 2000) . This study extends that research by comparing the DNA sequence of the ChsA intron from several closely related taxa. The sequence data were then used to help in the identifi cation of a unique Petunia taxon (Petunia sp. Torres) that we have used extensively in breeding to create drought-tolerant germplasm (Griesbach et al., 2002) . It is important that a species name be associated with this taxon.
Material and Methods
PLANT MATERIAL. Four Petunia taxa were collected from the wild [ Fig. 1 (Fig. 2) . The collected plants contained seed capsules that were used to raise populations. The plants within each of the populations were analyzed. Five randomly selected seedlings were used to obtain the morphological data and three randomly selected seedlings were used to obtain the DNA sequence data.
Plants were grown in a mixture of 50% perlite and peat under standard greenhouse conditions and fertilized weekly with a solution of 20N-8.7P-16.6K fertilizer at 200 mg·L -1 nitrogen. Leaf measurements were made on mature, fully expanded leaves before fl owering.
DNA ISOLATION AND AMPLIFICATION. Genomic DNA was isolated from either leaves or fl owers using DNeasy Plant Mini Kit (Qiagen, Valencia, Calif.) and further purifi ed with anion-exchange resin using the Genomic-tip Protocol of Qiagenʼs Blood and Cell Culture DNA Kit. Purifi ed DNA was precipitated with 50% isopropanol (v/v), washed with 70% ethanol, and resuspended in 30 to 50 µL water.
We previously developed a polymerase chain reaction (PCR) system for amplifying the ChsA intron in several Petunia taxa (Griesbach et al., 2000) . PCR primers for amplifying the chalcone synthase (Chs) intron were designed by hand from the reported sequences of eight (Niesbach-Klosgen et al., 1987) . Primers were designed to include a highly conserved region of the coding sequence as an internal control for checking the accuracy of amplifi cation. The two primers were initially designed to be complementary to 20 nucleotides before the intron (5´-GAA-CAGCCACACCTACAAAC-3´) and to 20 nucleotides after the intron (5´-AACCCTGCTGGTACATCATG-3´).
Using these two primers it was possible to amplify the intron, but we could not completely sequence the product directly from the PCR product. Therefore, internal primers based upon the DNA sequence of Pi were designed for the entire length of the intron. The forward primers were 5´-TGTTGCACGTCTCCAATAGC-3´, 5´-ATGGAAGGTAGAAAGAGGG-3´, 5´-GAAAGAGAAACT-GACGTGAAAG-3´, 5´-GATGCTAGGCAAGACATAGTGG-3´, and 5´-CGAAAATTCGTGTGTTTCTAGC-3´. The reverse primers were 5´-CCACTATGTCTTGCCTAGCATC-3´, 5´-CTTTCACGTCAGTTTCTCTTTC-3´, 5´-CCCTCTTTC-TACCTTCCAT-3´, 5´-GCTATTGGAGACGTGCAACA-3´, and 5´-GCTAGAAACACACGAATTTTCG-3´. These internal primers were used in various combinations to amplify partial sequences.
A Perkin-Elmer DNA Thermal Cycler (Perkin-Elmer, Norwalk, Conn.) was used to amplify the intron. The reaction mix contained 10 µL (1 mg·mL -1 ) genomic DNA, 1.5 µL AmpiTaq Gold Taq DNA polymerase (PE Applied Biosystems, San Jose, Calif.), 10 µL GeneAmp MgCl 2 -free 10X PCR Buffer (PE Applied Biosystems), 8 µL mixed dNTPs (10 mM), 15-20 µL MgCl 2 (10 mM), 10 µL mixed primers (20 mM), and water to a total volume of 100 µL. An overlay of 20 µL mineral oil was used in each reaction tube.
The PCR cycle began with a Taq polymerase heat activation step of 95 °C for 12 min. This was followed by 92 °C for 2 min, 40 cycles of 92 °C for 30 s, 60 °C for 2 min, and 72 °C for 1 min, and 72 °C for 10 min. 
Leaves erect, linear to oblong; stem unbranched at lower unfl owered internodes 5. Stem and leaves glabrous ----------------P. littoralis 5. Stem and leaves hirsute -------------------P. integrifolia Fig. 2 . Taxonomic key for the identifi cation of Petunia altiplana, P. littoralis, and P. integrifolia ssp. integrifolia var. depauperata (modifi ed from Ando and Hasimoto, 1993 Smith and Downs, 1966) .
CLONING AND SEQUENCING. PCR products were cloned into plasmid DNA using the pGem-T Easy Vector System II (Promega, Madison, Wis.) according to the manufacturerʼs protocol (Promega, 2004) . Individual white-colored (clones carrying inserts) bacterial colonies were harvested and transferred into 15-mL Falcon snap-top tubes containing 3 mL LB medium supplemented with amplicillin (fi nal concentration of 100 µg·mL -1 ). The cultures were shaken (225 rpm) at 37 °C for 16 to 18 h. Plasmid DNA was isolated from the bacteria using the RPM Kit (Bio 101, Carlsbad, Calif.) according to the manufacturerʼs protocol (Qbiogene, 2004) .
Purifi ed plasmid DNA containing cloned PCR products were cycle sequenced on an ABI Prism 310 Genetic Analyzer using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems) in a GeneAmp 2400 PCR System (Perkin-Elmer) using the manufacturerʼs protocol (Applied Biosystems, 2004) .
DNA ANALYSIS. The intron sequences were aligned by the Clustal method (Higgins and Sharp, 1988) as implemented in the DAMBE software (Xia and Xie, 2001) . Repeated sequences were identifi ed using REPuter software (Kurtz and Schleiermacher, 1999) . The motif alignment and search tool (MAST) was used to identify motifs within the intron (Bailey and Gribskov, 1998) . The E-value of a sequence is the expected number of sequences in a random database of the same size that would match the motif as well as the test sequence does.
Distance analysis was carried out using the PHYLIP software (Felsenstein, 2004) . The Kimura two-parameter method (DNADIST program in PHYLIP) was used to calculate pair wise nucleotide divergence values (Kimura, 1980) . For each data set, an unrooted neighbor-joining dendrogram was constructed from the distance matrix using the NEIGHBOR program in PHYLIP. Bootstrap values were calculated for 1000 replicates.
Results and Discussion
The most recent taxonomic key places P. integrifolia subsp. integrifolia var. depauperata (Pi), P. altiplana (Pa), and P. littoralis (Pl) in the same grouping based upon fl oral structure. They are distinguished from each other by leaf morphology (Fig. 2) . Based upon leaf shape, the taxon from Torres most closely resembles Pl with glabrous and succulent leaves (Table 1) . However, Pl and the taxon from Torres are found in similar dry costal habitats and could have independently evolved glabrous and succulent leaves (convergent evolution). Leaf morphology may not accurately represent the true taxonomic relationship of three species. DNA markers may be a more accurate means of defi ning the taxonomic relationships between these species.
In Petunia ×hybrida ʻV30ʼ, there are eight complete copies of the chalcone synthase gene; however, only two (ChsA and ChsJ) are expressed during normal plant development (Koes et al., 1989a) . ChsA and ChsJ contain introns that differ in size and are highly divergent in sequence. About 90% of the total Chs mRNA pool is transcribed from ChsA (Koes et al., 1989b) . The primers used in this study amplify a single PCR product that was specifi c expressed within fl oral tissue (data not shown). Therefore, the PCR product corresponds to ChsA.
The PCR products from Pi, Pa, Pl, and PT were cloned and sequenced. At least three different plants within the individual populations of the species were analyzed. In each instance, there was no difference in the DNA sequence of the ChsA intron between plants within a population.
The intron in Pi was 1275 bp with two different repeated segments of 29 and 38 bp (Figs. 3 and 4) . The intron in PT was identical to that in Pi. In contrast, the Pl intron differed from that of Pi with six nucleotide substitutions, two insertions of 1 and 2 bp each, and 1 deletion of 1 bp. Five of the substitutions were transversions and one was a transition.
The Pa intron was very different from Pi with 21 base substitutions, 11 of which were transversions. Besides the substitutions, Pa had three insertions of 1, 2, and 349 bp each and three deletions of 1, 1, and 133 bp each. The 349 bp insertion was within the 133 bp deletion. It is likely that a single event led to deletion/insertion in Pa. A DNA substitution of unequal length would result in a deletion/insertion event. Most of the 349 bp insertion was also present in P. ×hybrida (Ph; Fig. 5 ). The fi rst 33 bp did not match very closely with only 30% homology; however, the remainder of the sequence was highly homologous. The insertion in Ph differed from the Pa insertion by having four substitutions and three insertions of 1, 2, and 3 bp relative to Pa (Fig. 5) .
The 29 and 38 bp repeat sequences found in Pa, Pi, and Pl are also in Ph, but not repeated (Fig. 4) . Within the 29 bp sequence, Ph differed from Pi in one substitution and one 1 bp insertion. There were four substitutions and one 2 bp insertion within the 38 bp sequence from Ph.
A single motif (TATCACAATTGACTCTTCATT) with an E = 7.4e -06 was identifi ed within both repeated sequences starting at positions 40, 175, 210, and 240 . This suggests that these two different repeated sequences may have a common origin. This motif did not correspond to any known transposable element or repeated sequence.
Neither repeated sequences were fl anked by an inverted repeat, preventing them from being classifi ed as a miniature inverted repeat (MITE; Feschotte at al., 2002) . In addition, they were too short to be considered a short interspersed element (SINE; Feschotte at al., 2002) . A potential MITE was found starting at position 44, where an inverted repeat (TTAATTGACTCTT) was found fl anking a 356 bp sequence. Although the fl anking invert repeat and the 356 bp sequence did not correspond to any known MITE family, it is still possible that this sequence is a MITE. MITEs have only recently been discovered and new families are still being identifi ed.
In all three species, the intron contained one open reading frame with a TATA box (position 359) and transcription start signal (position 371) as described by Joshi (1987) . However, the translation product did not correspond to any known protein.
Based upon the ChsA intron, the Torres taxon most closely resembled Pi. The intron sequences of the two taxa were identical. The unrooted gene tree suggests that Pi is more closely related to Pl than Pa (Fig. 6) . The gene trees based upon parsimony and maximum likelihood methods had the same topology (data not shown). The genetic distance between Pl and Pi was 0.0116, as compared with 0.0275 for Pi and Pa. The Chs phylogeny supports the conventional classifi cation of these three species, in that Pl and Pi are more closely related than Pi and Pa (Fig. 2) . Petunia altiplana was separated from Pi and Pl based upon its distinct growth habit and fl ower structure (Ando and Hashimoto, 1993) . Unlike Pi and Pl, Pa forms stems with short internodes, lateral branches, and adventitious roots. Pa produces fl owers with a lighter corolla tube than limb, whereas Pl and Pi produce fl owers with a darker tube than limb. Petunia littoralis was separated from Pi based upon its glabrous stems and lanceolate succulent leaves (Smith and Downs, 1966) . A principal component analysis of 33 different morphological traits showed that Pl and Pi formed a distinct cluster separated from P. integrifolia subsp. integrifolia var. integrifolia (Ando et al., 1995b) . However, neither leaf shape nor stem trichome density were included in the traits studied.
Our study suggests that the chalcone synthase intron would be a good candidate for determining the taxonomic relationship of closely related taxa. There are many types of gene mutations (single base pair insertions, deletions, and substitutions; and multiple base pair insertions, deletions, and rearrangements) that occur naturally (Gustafsson and Ekberg, 1977) . If a DNA coding sequence is used to study evolutionary relationships, then many of these types of mutations would not be screened because they lead to nonfunctional gene products and are potentially lethal. One of the most common mutations is ultraviolet light-induced deletions at TT sites (Drake, 1970) .
In order to study the phylogenetic relationships of closely related species, one should analyze noncoding sequences that have accumulated a wide array of mutations. The diffi culty is in fi nding a highly variable homeologous sequence in multiple species. If this sequence is an intron in a highly conserved gene, then it can be easily found, PCR amplifi ed, and sequenced. Besides chalcone synthase, histones, tubulin, and actins are conserved genes with introns (Doyle at al., 1996; Drouin and Dover, 1990; Wu et al., 2003) .
When using conserved genes, one needs to make sure that a pseudogene is not being analyzed. Many conserved genes like Chs exist as a gene family with several members of the family being nonfunctional paralogous loci (i.e., pseudogenes). In a study of the internal transcribed spacer region (ITS) of Quercus, several independent reports disagreed as to the phylogenetic trees generated from supposedly the same ITS sequence. The difference in the results was found Fig. 4 . A comparison of the two different repeated sequences in Petunia integrifolia ssp. integrifolia var. depauperata (Pi), Petunia sp. from Torres (PT), P. littoralis (Pl), P. altiplana (Pa), and P. ×hybrida ʻV30ʼ (Ph). The Ph sequence was reported in Koes et al. (1989) . Only differences from the Pi sequence are shown; "-" represents nucleotides not present in a particular species.
to be due to analysis of pseudogenes (Mayol and Rossello, 2001) . One way to prevent the analysis of introns from pseudogenes is to compare the conserved coding sequences fl anking the intron. In our study, we included 200 nucleotides of the 3´ fl anking coding sequence in the initial PCR amplifi cation product. This study demonstrates that sequence heterogeneity of introns may be useful in elucidating the evolutionary relationships between species. By comparing different gene trees, it should be possible to establish an accurate evolutionary tree of a genus. Further studies of additional introns with appropriate outgroups included could be used to develop an evolutionary tree of the Petunia. . The sequence of the 177 bp insertion found in Petunia altiplana (Pi) and P. ×hybrida ʻV30ʼ (Ph). The Ph sequence was reported in Koes et al. (1989) . Only differences from the Pi sequence are shown; "-" represents nucleotides not present in a particular species. Fig. 6 . An unrooted neighbor-joining dendrogram of Petunia constructed from the distance matrix of branch lengths using the NEIGHBOR program in PHYLIP (Felsenstein, 2004) .
